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ABSTRACT. In [3] we have studied connection between orthog-
onal hypercubes and many-placed (d-ary) operations, have consid-
ered different types of orthogonality and their relationships. In this
article we continue study of orthogonality of many-placed opera-
tions, considering special types of orthogonality such as strongly
orthogonality and uniformly orthogonality. We introduce distinct
types of strongly orthogonal sets and of uniformly orthogonal sets
of d-ary operations, consider their properties and establish connec-
tions between them.

1. Introduction

In the article [3] it was established a connection between d-dimentional
hypercubes of different types and many-placed (the same d-ary, polyadic
or multary ) operations. Distinct types of orthogonality of many-placed
operations (of d-dimentional hypercubes) and relationship between them
were considered. In this article we continue study of orthogonality of
many-placed operations, in particular, we consider special types of or-
thogonality such that strongly orthogonality and uniformly orthogonality.
We introduce distinct types of strongly orthogonal sets and of uniformly
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orthogonal sets of many-placed (d-ary) operations and establish connec-
tions between them. In parallel, types of orthogonality are considered for
sets of polynomial d-operations over a field and some examples of such
sets are given.

Note, that taking into account the connection these results with d-
dimentional hypercubes and with the results of the paper [3], we use the
letter d for designation of an arity and the letter n is used for designation
of an order of an operation.

2. Necessary notions and results

We recall some notations, concepts and results which are used in the
article. At first remember the following denotes and notes from [2]. By

z! we will denote the sequence ;, ziy1,...,z;, 1 < j. If j <4, then a7 is

the empty sequence, 1,n = {1,2,...,n} . Let Q be a finite or an infinite
set, d > 1 be a positive integer, and let Q¢ denote the Cartesian power
of the set Q.

A d-ary operation A (briefly, a d-operation) on a set @ is a mapping
A: Q% — Q defined by A(x¢) — 441, and in this case we write A(z%) =
Zg+1. Thus, an l-ary (unary) operation is simply a mapping from @ into
Q.

A d-groupoid (Q, A) of order n is a set () with one d-ary operation A
defined on @, where |Q| = n.

A d-ary quasigroup is a d-groupoid such that in the equality

A(ffii) = Td+1

each of d elements from $c1l+1 uniquely defines the (d + 1)-th element.
Usually a quasigroup d-operation A is itself considered as a d-quasigroup.

The d-operation E;, 1 < i < d, on ) with El(x‘f) = x; is called the
i-th identity operation (or the i-th selector) of arity d.

Let j be a fixed number, 0 < j < d — 1, {i1,ia,...,i;} C 1,d,
(ail,aiw ey aij) S Qj.

By I; we denote the set of all Cé- | Q 7, 2j-tuples

a = (1,12, vy 153 Qiy 5 Qg oy Ti;)

when the set {i1, 12, ...,4;} runs trough over all ¢, j-subsets of 1,d and
(@iy; @iy, -5 ai;) Tuns trough all | @ |7, j-tuples of elements of @, that is

I] - {(ilviQ) "'7ij;ai17ai27 "‘Jaij) | {i17i27 7/LJ} g mv (ai17ai27 "‘7a’ij) € Qj}7

if 7 > 0 and put Iy = 0 (the empty set).
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Let A be a d-ary operation, a = (i1,192,...,%5; Qi iy, -, @j;) € .
Changing j variables x;,, Zj,, ..., ¥;; in A on fixed elements a;,, a;y, ..., a;,
of () respectively we obtain a new operation

i1—1 ia—1 =1 d _

A(ajl aailvxi1+1)ai25"'7xij_kaaij7xi]-+l) -
i1—1 ia—1 =1 d _ d—j

A&(xl 7m11+17"'7x7jj_k7xij+1) _Bﬁ(yl )7

if we rename the remaining d — j variables in the following way:

(2 e = T ) = ).
Then B; is a (d — j)-ary operation, which is called the (d — j)-ary retract
(shortly, the (d — j)-retract) of A, defined by the 2j-tuple a € I;. If
a € Ip=10, then B = A.
Recall (see [4],[5]) that for d > 2 a d-dimentional hypercube (briefly,
a d-hypercube) of order nis an x n x --- x n array with n? points based

upon n distinct symbols. Such a d—hy}glercube has type j with 0 < j < d—1
if, whenever any j of the d coordinates are fixed, each of the n symbols
appears n?~7~! times in that subarray.

A hypercube is a generalization of a latin square, which in the case
of a square of order m, is a n X n array in which n distinct symbols are
arranged so that each symbol occurs once in each row and each column.
A latin square is a 2-dimensional hypercube of type 1.

Some d-ary algebraic operation Ag on a set @) of type j corresponds
to a d-hupercube H of type j based on the set @ and conversely [3].

By Proposition 1 of [3| a d-hypercube (a d-operation Ay ) defined on
a set @ of order n has type j with 0 < j < d —1 if and only if for each
(d — j)-retract Ba(y‘li_j),a € I, of the corresponding d-operation Ay,
the equation Ba(yilfj ) = b has exactly n?~7~! solutions for each b € Q.

A d-hypercube H (a d-operation A ) has type j = d — 1 if and only
if the d-operation Ay is a d-quasigroup ([3|, Corollary 1).

Two d-hypercubes H; and Hy of order n are orthogonal if when su-
perimposed, each of the n? ordered pairs appears n% 2 times, and a set
of t > 2, d-hypercubes is orthogonal if every pair of distinct d-hypercubes
is orthogonal; see [4],[5].

Two d-operations A and B of order n defined on a set (Q are said to be
orthogonal if the pair of equations A(z¢) = a and B(z{) = b has exactly
n9=2 solutions for any elements a,b € Q ([3], Definition 4).

A set ¥ = {A;, Ay, ..., A} of d-operations with ¢ > 2 is called or-
thogonal if every pair of distinct d-operations from ¥ is orthogonal ([3],
Definition 5).
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Two d-hypercubes H; and H, are orthogonal if and only if the re-
spective d-operations Ay, and Ap, are orthogonal. A set of (pairwise)
orthogonal d-operations corresponds to a set of (pairwise) orthogonal d-
hypercubes.

In [3] this notion of orthogonality was generalized in the following
way.

Definition 1 ([3]). A k-tuple < Ay, As,...,Ax >, 1 < k < d, of
distinct d-operations defined on a set QQ of order n is called orthogonal if
the system

{Ai(2]) = ai}iy

has exactly n®* solutions for each a’f € Q"

For k = 1 we say that a d-operation A is itself orthogonal . Such
d-operation of order n is called complete ( for this operation the equa-
tion A(x{) = a has exactly n?! solutions for any a € Q, that is the
corresponding hypercube has type 0 ).

Definition 2 ([3]). A set ¥ = {41, A, ..., At} of d-operations is called
k-wise orthogonal, 1 < k < d, k <t, if every k-tuple < A;,, As,, ..., As >
of distinct d-operations of ¥ is orthogonal.

Each set of complete d-operations is 1-wise orthogonal.

Theorem 1 ([3]). If a set ¥ ={A1,As,..., A}, t >k, of d-operations
of order n defined on a set Q is k-wise orthogonal with 1 < k < d, then
the set 3 is l-wise orthogonal for any | with 1 <1 << k.

Theorem 2 ([3]). A d-operation A has type j with 0 < j < d—1 if and
only if the set ¥ = {A, E¢} is (j + 1)-wise orthogonal.

Corollary 1 ([3]). A d-operation of type j with 0 < j < d — 1 has type
g1 forall ji, 0<j1 <j.

In connection with this statement we can consider the maximal type
Jmaz(A) < d — 1 of a d-operation A (of a corresponding d-hypercube
). Using Theorem 2 we conclude that for a d-operation A, jna.(A) is
the largest j from 0,1,...,d — 1 such that the set {A, E{} is (j + 1)-wise
orthogonal. By Corollary 1 of [3] jmaexz(A) = d — 1 for a d-operation A if
and only if A is a d-quasigroup.
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3. Orthogonal sets of d-ary polynomial operations

Consider more detail orthogonality of a special kind of d-operations,
namely, orthogonality of polynomial d-operations of the form

A(x‘li) =121 + asTo + ... + agxy

over a field GF(q) (such polynomials are called multilinear).
Let a set ¥ = {41, Ag,..., A}, d > 2, t > d, be a set of d-operations
each of which is polynomial d-operations over a fields GF(q), that is

Ay () = ay121 + araw + ... + arqrg,
AQ(SL"f) = a21x1 + a22T2 + ... + A24xq, (1)

At(lei) = Q121 + a2x9 + ... + agTq.
And let A be the determinant of order ¢ x d, defined by these d-operations.
It is easy to see from Definition 2 that the following statement is valid,
where a k-minor is the determinant of (k X k)-sub-array of a determinant

A.

Proposition 1. A set ¥ = {Al}, d > 2, t > d, of polynomial d-
operations of (1) is d-wise orthogonal if and only if all d-minors of the
determinant A, defined by these d-operations are different from 0.

For construction of d-wise orthogonal sets of polynomial d-operations
over a field we can use a Vandermonde determinant of order ¢ — 1 with
elements of a field GF(q) [6]. A Vandermonde determinant of order n,
2 <n<q-—1,is defined in the following way:

1 ay a@ .. !
~1
1 ay a2 ay
o 2 cee .
An(as,az, .. an) = 2= I (ai—a).
S i
1 a, a® .. a'!

Such determinant is not equal 0 if a; # a;, i # j, and a; # 0 for each
i € 1,n. The determinant A,_i(ay,asz,...,a,—1) in this case defines an
orthogonal (¢ — 1)-tuple of polynomial (¢ — 1)-operations.

In particular, if a is a primitive element (that is a generating element
of multiplicative group of a field), then the determinant

1 1 1 1
1 a a? ad=2
Ag-1(1,a, a2, ...,aq72) =1 a2 at L. a2n2)
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is not equal 0 and defines an (¢ — 1)-tuple of polynomial (¢ — 1)-
operations.

From the considered (¢ — 1)-tuples of (¢— 1)-operations we can obtain
sets ¥ = {A‘f_l} of d-operations for each d, 2 < d < ¢ — 1, if to take
q — 1 of the d-operations corresponding to the first d columns of the
determinant A,_j(a1,az,...,aq-1) or Ag_1(1,a,a?,...,a?72). These sets
of d-operations will be d-wise orthogonal by Proposition 4, since all (dxd)-
minors are also Vandermonde determinants different from 0.

For an illustration, consider the field GF(5) with elements 0,1,2,3,4,
then the ¢ — 1)=4-tuple of (¢ — 1)=4-ary polynomial operations over
GF(5) corresponding to the Vandermonde determinant Ay (1,2, 3,4) will
be the following;:

Ai(x}) = 21 + 20 + T3 + 24,
Ag(28) = x1 + 2w9 + 423 + 32y,
Ag(xil) =21 + 322 + 4x3 + 224,
A4(.%'il) =x1 +4x0 + x3 + 4dx4.

This 4-tuple defines the 3-wise orthogonal set ¥; = {B{} of ternary
operations with By (z3) = x1 +x2+x3, Ba(23) = 21+ 229 +4x3, B3(23) =
w1+ 3w +4x3, By(x3) = 11 +4w2+ 23 and the 2-wise orthogonal set Yo =
{C{} of binary operations where Cy(z3) = x1 + x2, C2(23) = 1 + 279,
C3(2?) = 21 + 3x9, Cy(2?) = 21 + 422

Now we give one useful sufficient condition for k-wise orthogonality
of a set of polynomial d-operations.

Proposition 2. Let ¥ = {A'}, be a set of polynomial d-operations over
a field GF(q), k be a fized number, 2 < k < d k <t. The set ¥ is k-wise
orthogonal if in the determinant of order k x d, defined by each k-tuple
of d-operations of X there exists at least one k-minor different from 0.

Proof. Let A be the determinant corresponding to the d-operations of X
and < A;, A;,, ..., A;, > be a k-tuple of distinct d-operations from 3.
Let in k rows of A corresponding to this k-tuple there exists a k-minor A
(for simplicity let its k columns are the first ones) which is not equal 0:

aill CLZ'IQ ailk

Z: Ajn1  Ajp2 ... Qigk 7&0

Qi1 Qg2 ..o G4k
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Then the system of k£ equations

;171 + Q202 + .. Q4 T = 1 — Qi g 1Tk41 — - — Qi1dTd,
Aig1T1 + G522 + .. Qi kT = A2 — Qjy k+1Tk+1 — --- — QindTd,
Q121 + Q3,202 + ... Gy kT = Gf — Q4 k+1Tk+1 — --- — Qi dTd

has exactly one solution for all a1, as, ..., ar, € GF(q) and for each of ¢4=*,
(d— k)-tuples of values of the variables :L‘g +1- This means that the system

{Ai, (2)) = a1, Ay, (2)) = ag, ..., Ay (1) = az,}

has exactly g% % solutions. The set ¥ is k-wise orthogonal since

i1,142, ...,1; by the condition are arbitrary distinct elements of 1, ¢. ]

Corollary 2. If a set ¥ = {A}} of polynomial d-operations satisfies
the condition of Proposition 2, then a set ¥ = {B%} of polynomial s-
operations, s > d, where

B,(mf) = Al(xtli) + a;d+1Tg41 + .-+ ai,sxs,i € H,

with arbitrary a; 441, a; 442, - Gis € GF(q) is also k-wise orthogonal
set.

Proof. In this case the same k-minors different from 0 of the determinant
A, defined by ¥, can be used, then the corresponding system of k equa-
tions with s — k variables on the right side has a unique solution for ¢%~*
values of these variables. It means that the set ¥ of s-ary operations is
k-wise orthogonal. O

Example 1. Consider the set ¥ = {A}} with the following polyno-
mial 4-ary operations over a field GF(p) of a prime order p > T7:

Ay (z}) = 21 + 229 + 333 + day,

Ag(xﬁl) = 221 + 3x9 + 4wz + 414,

Ag(.r(ii) =1x1 + 3x9 + 63 + 31‘4,
A4(.7361l) =21+ 23 + x3 + S24.

This set of t=4, 4-operations is 3-wise orthogonal. Indeed, it easy to check
that in every three rows of the determinant defined by these operations
there exists 3-minor different from 0 by p > 7. Namely, in the triples
<1,2,3 > < 1,3,4 >, < 2,3,4 > of rows these 3-minors include the
first three columns, and in the triple < 1,2,4 > it is 3-minor including
the first, the third and the fourth columns. Thus, by Proposition 2 the
set 3 is 3-wise orthogonal for any p > 7.

From this set of four polynomial 4-operations over a field of a prime
order p > 7 by according to Corollary 2 a 3-wise orthogonal set of four
polynomial s-operations over the same field can be constructed for s > 4.
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4. Strongly orthogonal sets of d-ary operations

In [1] it was introduced the notion of a strongly orthogonal set of d-
operations. Using Definition 2 we can reformulate this notion of [1] in
the following way.

Definition 3. A set ¥ = {A'}, t > 1, of d-ary operations, given on
a set Q, is called strongly orthogonal if the set ¥ = {A!, E¢} is d-wise
orthogonal.

Note that in the case of a strongly orthogonal set ¥ = { A%} of d-ary
operations the number ¢ of d-operations in ¥ can be smaller than arity
d.

By Theorem 2 each d-operation A;, i = 1,2,...,t, of a strongly or-
thogonal set ¥ = {A!} is a d-quasigroup, has type jmaz(4;) = d — 1 and
any type ji, 0 < 71 < d — 1, by Corollary 1. Moreover, a d-operation A
is a d-quasigroup if and only if the set ¥ = {A} is strongly orthogonal.
A set of d-quasigroups by d > 2, t > d can be d-wise orthogonal but not
strongly orthogonal in contrast to the binary case (d=2).

By Theorem 1 for a strongly orthogonal set ¥ of d-operations the set
¥ = {A!, E{} is k-wise orthogonal for any k, 1 < k < d.

Now we generalize the notion of Definition 3 in the following way.

Definition 4. Let k be a fized number, 1 <k < d. A setX i{A’i}, t>1,
of d-operations is called k-wise strongly orthogonal if the set & = { At E{}
1s k-wise orthogonal.

By k = d we have Definition 3. From the definition of a k-wise
strongly orthogonal set and Theorem 2 it follows

Corollary 3. Let jmaz(A) be the mazimal type of a d-operation A. Then
kE—1 < jmaz(Ai) < d—1 for each d-operation A; of a k-wise strongly
orthogonal set ¥ = {At}. For every d-operation A; of a 2-wise strongly
orthogonal set 1 < jmazr(A4;) <d —1.

From Theorem 1 it immediately follows

Proposition 3. A k-wise strongly orthogonal set of d-operations is [-wise
strongly orthogonal for each l, 1 <1 < k.

Let < Ay, Ao, ..., Ar > be a k-tuple of distinct d-operations. By <
By, Bs, ..., By >z we denote the k-tuple of (d — j)-retracts, defined by a
2j-tuple a € I;, of the d-operations Ay, As, ..., Ay respectively.
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Lemma 1. Let k be a fixed number, 1 < k < d, j be a fired number,
0<j<k-—1, {i1,iz,...,i;} be a fized subset of 1,d . A k-tuple

T =< Aq, A, ...,Ak,j, Eil,Ei2, ceny EZ‘]. >

of distinct d-operations, defined on a set QQ, is orthogonal if and only if the
(k—j)-tuple < By, Ba, ..., By_j >g of the (d—j)-retracts of A1, Aa, ..., Ap—;
respectively defined by a tuple a = (i1, 42, ..., i5; Qiy, iy, -, ;) 08 0Tthogo-
nal for each of | Q |’ tuples @ € I; with the subset {i1,iz,...,i;} C 1,d.

Proof. At first we note, that if £ > 1,j =0, then T' =< Ay, Ao, ..., Ay >.
By k =1 we have j = 0 and orthogonality of the 1-tuple < A; > means
that the d-operation A; is complete. When j = k — 1 we have a k-tuple
T =< A, E;,,E,,...,E;,_, > and orthogonality of 7" means that the
(d — k + 1)-retract of A; is complete.

Let T be an orthogonal k-tuple of d-operations of order n, then by

Definition 1 the system

{Ai(2f) = a1, As(af) = ag, ..., Ap_j(2F) = ar_j,
E;, (:L‘(li) = a;, Ei, (xtil) = Qi - - - 7Eij (ftli) = aij} (2)
has n?* solutions for all ai, as, Ok Gy 5 Qi -y G, € Q. From this

system it follows that

Tijy = Qjyy Ty = Qjgy oeey Ty

J = Gy

J

by the definition of the selectors. Substituting these values in A;, i =
1,2, ..., k—j, we obtain the (d—j)-retracts By, Ba, ..., By_; of A1, Ao, ..., Ap—;
respectively defined by the tuple a = (i1, 2, ..., ij; @iy, Qiy, -, a3;) € I
The (k — j)-tuple

< B1, Bs, ..., By_; >5 is orthogonal since the system

d—j d—j d—j
{Bi(y77) =a1,Ba(yy ’) = ag,...,Bi—j(y] ’) = ar—;}

has nd* = pld=D-(k=3) golutions for all ai,ag, ...,ap—; ( since the k-
tuple T is orthogonal). It is true for all (a;,, aiy, ..., a;;) € Q7 by the fixed
{il,ig, ey ij} - m

Converse, let each (k — j)-tuple < By, Bo,...,By—; >3 of (d — j)-
retracts of d-operations Ay, As, ..., Aj_;, defined by a tuple

a = (il,iz, ...,ij;ail,aiz,...,aij) € Ij

with a fixed subset {i1, 142, ...,4;} C 1,d for some elements a;,, ai,, ..., a;; €
@ is orthogonal. This means that the system

(Bi(y{ ™) = al,B2(y§l_j) =az,..., kaj(yil_j) =ap_j}
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has n(@=9)=(k=1) = pd=k golutions for all ai,az,...,ap—; € @ and the
system (2) has n?* solutions for all ai,az,...ap—; € @ and the fixed
Qjy s Qigy oy @iy € Q. The same we have fixing any another j-tuple
(agl,a§2,...,a;j) € 7 and obtaining another (k — j)-tuple of (d — j)-
retracts defined by the tuple @’ = (i1, 2, ..., i5; ] , aj,, ..., a;j) € I;. Thus,
the k-tuple T is orthogonal.

O

Let k (j) be a fixed number, 1 < k <d (0 < j <k —1). Denote by
Ya = {B1, Ba, ..., B;} the set of the (d — j)-retracts of d-operations from
aset ¥ = {Ay, Ay, ..., Ay}, defined by a fixed tuple

a = (i1, 12, ey 1 Wiy 5 Ay ...,ai].) € ;.

Theorem 3. Let k be a fized number, 1 < k < d. A set ¥ = {A'} of
d-operations, defined on a set Q, is k-wise strongly orthogonal if and only
if foreach j,0<j <k—1,ift >k (foreachj, k—t < j <k—1, ift <k)
and for each a € I; the set ¥ = {B1, Bo, ..., By} of the (d — j)-retracts
of Ay, Ag, ..., Ay, defined by a, is (k — j)-wise orthogonal.

Proof. Let a set X = {Al} be k-wise strongly orthogonal, that is the set
3 = {AL E{} is k-wise orthogonal by Definition 3. It means that each
k-tuple

< Al17Al27 . Alk_jv E; B, ..., Eij >

is orthogonal for each j, 0 < j < k—1,ift > k (for each j, k—t < j < k—1,
if t < k) and for each subset {l1,ls,...,l—;} C 1,t. By Lemma 1 it
follows that the (k — j)-tuple < By, Biy, .., Bl,_; >a of the (d — j)-
retracts of Aj,, A, ..., Alk_]- is orthogonal for each a € I; and for each
{l1,15,...,lk—;} € 1,%. It means that the set 3 is (k — j)-wise orthogonal
for each @ € I; and for each j, 0 < j < k —11if t > k (for each j,
E—t<j<k-1ift <k).
Converse, let each set 33 of (d — j)-retracts of the d-operations from
Y is (k — j)-wise orthogonal for each j, 0 < j < k —1, if t > k (for each
J,k—t<j<k-—1,ift <k)and each a € I;. Then each k-tuple
< All,AlQ, vy Ay

k

,jinlinza ceey E’ij >

is orthogonal by Lemma 1 for any suitable j and any Iy, la, ..., l[—; C 1,¢.
It means that the set ¥ = {A}, E¢} is k-wise orthogonal and the set ¥ is
k-wise strongly orthogonal. O

For a d-wise strongly orthogonal set according to Theorem 3 by k = d
and Theorem 1 we have
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Corollary 4. If a set ¥ = {Al} of d-operations is d-wise strongly or-
thogonal, then the set ¥z = {B%} of the (d—j)-retracts of Ay, Aa, ..., Ay is
(d—j)-wise orthogonal (and ji-wise orthogonal for each j1, 1 < j1 < d—j)
foreach j,0<j<d—1,ift>d (foreachj, d—t<j<d—1, ift <d)
and for each a € I;.

As it was said above, all d-operations of a strongly orthogonal set are
d-quasigroups, so we shall consider only sets of polynomial d-quasigroups
(in this case all mappings x; — a;;x; are permutations) by establishment
of criterion for strongly orthogonality of a set of polynomial operations.

Proposition 4. A set ¥ = {A}} of polynomial d-quasigroups, d > 2,
with the determinant A over a field is strongly orthogonal if and only if
all k-minors for each k, 2 < k < d, ift < d (for each k, 2 < k <°t, if
t <d) of A is not equal 0.

Proof. By Definition 3 and Theorem 3 a set X is strongly orthogonal if
and only if for each 7,0 < j < d—1,ift > d (foreach j, d—t < j < d—1,if
t < d) the set ¥ = {B1, B, ..., B} of the (d—j)-retracts of Ay, Ao, ..., Ay,
defined by @ € I; is (d — j)-wise orthogonal. By Proposition 1 this holds
by d—j > 2 if and only if all (d — j)-minors of the determinant A are not
equal 0. For j =d—1 (d— j = 1) we have the set X3 of 1-ary operations
which are permutations in the case of d-quasigroups, so composes an
1-wise orthogonal set. O

Example 2. Let (Q,+,-) be the field of a prime order p = 17 or
p > 19. Consider the polynomial ternary quasigroups

Aq(z}) = 221 + 229 + 373,
AQ(./L'?) = 5x1 + 4x9 + 3x3,
Az(2}) = x1 + 629 + 53,

By Proposition 4 the set ¥ = {A;, A, A3} is strongly orthogonal,
since it is easy to check that the 3-minor and all 2-minors of the respective
determinant are different from O.

Now we consider k-wise strongly orthogonal sets of polynomial d-
operations. At first we remind that from Theorem 3 it follows that each
(d — k + 1)-retract of each d-operation of k-wise strongly orthogonal set
is complete. Taking this into account, we shall consider only such d-
operations by establishment the following sufficient condition for k-wise
strongly orthogonal set of polynomial d-operations.



12 STRONGLY ORTHOGONAL AND UNIFORMLY ORTHOGONAL...

Proposition 5. Let k be a fived number, 2 < k < d, ¥ = {Al} be a set
of polynomial d-operations over a field with the determinant A. The set
Y is k-wise strongly orthogonal if
(1) all (d — k 4 1)-retracts of each d-operations of ¥ are complete;
(ii) for each j, 0 < j <k—2,ift >k (for each j, k—t < j <k—2,
if
t <k )in every k — j rows of the determinant A without any j columns
there exists a (k — j)-minor different from 0.

Proof. Let a = (i1, 12, ..., 5} iy, Qiy, -, ai;) € Ij and ¥g = { B, Ba, ..., Bt}
be the set of the (d — j)-retracts of Ay, Ag, ..., Ay, then the set ¥z corre-
sponds to the determinant A of order ¢ x (d — j) which is the determinant
A without fixed j columns iy,ig,...,4; (by any a;,,a,, ..., a;;, since the
corresponding system must be solved for any right parts of the equa-
tions). If in each k — j rows of the determinant A there exists at least
one (k — j)-minor different from 0, then by Proposition 2 the set ¥ is
(k — j)-wise orthogonal for j,0 < j <k —2. If j =k — 1, X5 consists of
(d — k + 1)-retracts which by (i) are complete and so 1-wise orthogonal.
Thus , by Theorem 3 ¥ is k-wise strongly orthogonal. ]

Example 3. We shall illustrate Proposition 13 at the set ¥ =
{A1, Ay, A3} of the following three polynomial 4-ary operations (quasi-

groups):
Ay (2) = 21 + 229 + 323 + day,
Ag(:ﬂ%) =211 + 3xo + 4x3 + duy,

Ag(lel) =x1 + 329 + 623 + 324

over the field GF(p) of a prime order p > 7. Check by Proposition 5
that the set X is 3-wise strongly orthogonal.

Inthiscased =4, k=t=3,0<;7<1 Al(d—k+1) = 2-
retracts of every 4-operation of ¥ are complete since these operations are
4-quasigroups.

If j =0, then &k — j = 3 and the 3-minor in the determinant A defined
by > with the first three columns is different from O.

If j =1, then k — j = 2. In this case it is easy to check that in A
without any one of four columns, in each two rows there exists a 2-minor
different from 0.

Thus, be Proposition 5 the set ¥ is 3-wise strongly orthogonal.
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5. Uniformly orthogonal sets of d-ary operations

Two d-hypercubes, d > 2, H; and Hs is called j-uniformly orthogonal if
when superimposed and any j, 0 < j < d — 2, coordinates are fixed, the
resulting subarrays of dimention d — j are themselves orthogonal. This
notion of the j-uniformly orthogonality of two d-hypercubes naturally
leads to the following concept for d-operations, if we take into account
that an fixation of coordinates in a hypercube H leads to a retract of the
corresponding operation Agy.

Definition 5 . Two d-operations A1 and As of order n is called j-
uniformly orthogonal for fixred j, 0 < j < d — 2, if the pair (B, B2)z of
the (d — j)-retracts of operations Ay,As respectively, defined a tuple a =
(91,82, vy 153 Qiy 5 Qiy, -, @3;) € I is orthogonal (that is, by the definition,
the system {Bl(yf_j) =a, Bg(yil_j) = ay} has n'?=9=2 solutions for all
ai,az € Q and for each tuple a € I;).

Definition 5. A set ¥ = {AL}, t > 2, of d-operations is called (2-wise)
J-uniformly orthogonal, 0 < j < d — 2, if any two operations of . are
J-uniformly orthogonal.

Proposition 6. A set X = {A!} of d-operations is (2-wise) j-uniformly
orthogonal if and only if the (2 + j)-tuple < Ay, Ay, By, By, .., iy >
is orthogonal for each subset {iy,is,...,i;} C 1,d and for all ly,ls € 1,1,

l1 # lo.
Proof. This follows from Definitions 5 and 6 and Lemma 1. O

Now we generalize the notion of Definitions 5 and 6 in the following
way.

Definition 6. Let k be a fixzed number, 1 < k < d, and j be a fized num-
ber, 0 < j<d-—k. A k-tuple < A1, Aa, ..., Ax > of distinct d-operations
1s called j-uniformly orthogonal if the k-tuple < By, Bo, ..., By >3 of the
(d — j)-retracts of Ay, Ag, ..., A, defined by a tuple

a = (il,ig, ey 155 Ay Ay ...,aij) S Ij
is orthogonal for each a € I;.

Definition 7. Let k,j be fixed numbers, 1 <k <d,0<j<d—k. A set
¥ = {Al}, t > k, of d-operations is called k-wise j-uniformly orthogonal
if each k-tuple of distinct d-operations from ¥ is j-uniformly orthogonal
(the same, if the set Xg of the (d — j)-retracts of d-operations from ¥ is
k-wise orthogonal for any @ € I;).
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It is easy to see that 0-uniformly orthogonality of a k-tuple < A’f >
means that this k-tuple is itself orthogonal (Iy = () and a k-wise 0-
uniformly orthogonal set is simply k-wise orthogonal.

If £ = d, then j=0 and a set ¥ is d-wise orthogonal.

In the case j = d — k we have

Toi = {(i1, 92, ooy Tk} Qiy s Qigy -y Qi) }
and all k-tuples of (d — (d — k)) = k- retracts

< Bi(y}), Ba(yt), ..., Be(¥f) >a

of Ay, As, ..., Ay, are orthogonal , when a € I; . Taking this into account,
we obtain that if ¥ = {AY{}, t > k, of d-operations is a k-wise (d — k)-
uniformly orthogonal set, then the set ¥z = {Bj, Ba, ..., B;} of the k-
retracts of Ay, As, ..., A, defined by a, is k-wise orthogonal for each a €
I k.

By k=1 we obtain an 1-wise j-uniformly orthogonal set ¥ = {A}},
t > 1, of d-operations, it means that every operation A; of > has type
j and j < Jmaz(A;) < d —1 (see Theorem 2).

Proposition 7. Let k,j be fixed numbers, 1 <k <d,0<j<d-—k. A
set X = {Al}, t > k, of d-operations is k-wise j-uniformly orthogonal if
and only if the (k + j)-tuple (1 < k+ j <d)

<A51,A52,...,A5k,Ei1,Ei .,E

]

>

by
is orthogonal for all {s1, s2, ..., s} C 1,t and for all {iy,i2,...,i;} C 1,d.

Proof. Let a set X be k-wise j-uniformly orthogonal. Then by Defi-
nitions 7 and 8 each k-tuple < By, Bs,,..., B;, >g of the operations
Agyy Asys vy Ag, from X, defined by a tuple a = (i1, 42, ..., 455 Gy, @iy, -, A5;) €

I;, is orthogonal for each subset {i1,12,...,4;} C 1,d and for each tuple
(@i, Qiys -y a;) € Q. Now use Lemma 1.

Converse, if a (k + j)-tuple < Ay, As,, .y Asys Biy s By, o, By > s
orthogonal for all subsets S = {s1,s2,...,5k} C 1,¢ and for all I =
{i1,i2,...,4;} C 1,d, then by Lemma 1 each (k + j — j) = k-tuple
< Bs,, Bs,, ..., Bs, >3 of the (d— j)-retracts of Ay, , As,, ..., As, is orthog-
onal for all subsets S of 1, , for all subsets I of I,d and all @ € I ;. Thus,
the set X is k-wise j-uniformly orthogonal by Definitions 7 and 8. O

Corollary 5. FEach k-wise j-uniformly orthogonal set is [-wise j1-uniformly
orthogonal for each I, 1 <1 <k, and for each j1, 0 < j; < j.
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Proof. From Theorem 1 it follows that each (I + j;)-tuple

< A517A527 ...,Asl, Eil, Ez‘z, ceey E

2] >

is orthogonal for all [, 1 < | < k, for all j1, 0 < j; < j, for all
{s1,82,....;8} C 1,¢ and for all {iy,is,...,45,} C 1,d. Now use Propo-
sition 7 for the (I + j1)-tuples. O

Corollary 6. Let jimaz(A) denote the mazimal type of a d-operation A,
1<k<d 0<j<d—k, X ={Al} be a k-wise j-uniformly orthogonal
set of d-operations. Then

j S ]max(Az) S d—1
for each d-operation A; of 3.

Proof. From Proposition 7 and Corollary 5 it follows that (1 + j)-tuple
< As,, Ei,, Eiy, ..., Ei; > is orthogonal for each d-operation As, € ¥ and
each

{i1,42,...,4;} C 1,d. Thus, the set {A,,, E¢} is (j + 1)-wise orthogonal
and by Theorem 2 the operation Ay, has at least type j. ]

Corollary 7. For each d-operation A; of an 1-wise (d — 1)-uniformly
orthogonal set ¥ = { A}, jmaz(Ai) =d—1, that is A; is a d-quasigroup.

Proof. In this case k =1, j = d — 1 and jines(A;) = d — 1 by Corollary
6. But by Corollary 1 of [3] a d-operation has type j = d — 1 if and only
if it is a d-quasigroup. ]

For a set of polynomial d-operations over a field the following sufficient
condition of k-wise j-uniformly orthogonality can be given.

Proposition 8. Let ¥ = {A}}, d > 2, be a set of polynomial d-operations
over a field GF(q) with the determinant A, k,j be an fixzed number, 2 <
k<d,0<j<d—kk<t ThenX is k-wise j-uniformly orthogonal if
in each k rows of A without any j columns there exists k-minor different
from 0.

Proof. According to Definition 8 the set ¥ is k-wise j-uniformly orthog-
onal if and only if the set Xz of (d — j)-retracts of the d-operations from
Y is k-wise orthogonal by any @ € I;. Now use Proposition 2 for the set
>, which corresponds to the determinant A without j columns. O

Example 4. Using this proposition we give an example of 3-wise
l-uniformly orthogonal set 5-ary operations over a field GF(q) with a
prime ¢ > 7. Let ¥ = {Ay, Ag, A3, Ay}, where
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Ay (2}) = z1 + 22 + @3 + 24 + T5,
AQ(Z?) = 2x1 + 3xo + dx3 + 4y + X5,
Ag(x‘f) = 3x1 + 2x9 + 4x3 + 4 + 225,
Ay(x]) = z1 + dxo + 323 4 224 + 325.

In this case d = 5, t = 4,5 = 1. It is easy to check that by fixation the
columns with numbers 1,2,4 and 5 in the corresponding determinant A
of ¥ the 3-minors in any three rows with the first three possible columns
is not equal 0. By fixation the column with number 3 in rows 1,2,3 the
3-minor in columns 1,2,5 is not equal 0, whereas for rows 1,3,4 and 2,3,4
the 3-minors in columns 1,2,4 are not equal 0.

The following theorem establishes a connection between k-wise strongly
orthogonal and [-wise j-uniformly orthogonal sets.

Theorem 4. Let k be a fited number, 1 < k < d. A k-wise strongly
orthogonal set of d-operations is l-wise j-uniformly orthogonal for each I,
1 <I<Ek, and for each j, 0 < j <k —1.

Proof. Let a set ¥ = {7A§}, k < t, be k-wise strongly orthogonal. Then
by Definition 4 the set ¥ = {A}, E{} is k-wise orthogonal, so each k-tuple
< A817 ASQ, ey As“ Eil, EZ’27 . E

iy >

is orthogonal for all [, 1 < < k, for each subset {s1,s2,...,5} C 1,¢ and
for each subset {i1,42,...,ix_;} C 1,d. By Proposition 7 the set ¥ is I-
wise (k—1)-uniformly orthogonal and by Corollary 5 is [-wise j-uniformly
orthogonal for each j, 0 < j <k —1. O

Thus, from Theorem 4 it follows that a k-wise strongly orthogonal set
> is
1-wise 0—, 1—, ... and (k — 1)-uniformly orthogonal,
2-wise 0—,1—, ... and (k — 2)-uniformly orthogonal,
3-wise 0—, 1—, ... and (k — 3)-uniformly orthogonal,...
(k — 2)-wise 0-,1- and 2-uniformly orthogonal,
(k — 1)-wise 0- and 1-uniformly orthogonal,
k-wise 0-uniformly orthogonal.

So, for the 3-wise strongly orthogonal set ¥ = {A;, Ay, A3} of the
4-ary operations in Example 3 we have that ¥ is
1-wise 0-,1- and 2-uniformly orthogonal,
2-wise 0- and l-uniformly orthogonal,
3-wise O-uniformly orthogonal.

From Theorem 4 by k = d immediately it follows
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Corollary 8. A strongly orthogonal set of d-operations is l-wise j-uniformly
orthogonal for each 1, 1 <1 <d, and for each j, 0 < j <d—1I.

So, in Example 2 the strongly orthogonal set ¥ = {A;, Ay, A3} of
ternary operations is
1-wise 0-,1- and 2-uniformly orthogonal,
2-wise 0- and l-uniformly orthogonal,
3-wise O-uniformly orthogonal.
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